Purpose: To develop a Classification and Regression Tree (CART) model in order to recognize the most suspicious sonographic features of thyroid nodules and efficiently guide their management. Methods: 791 thyroid fine needle aspiration cytology (FNAC) performed under ultrasound guidance between January 2015 and January 2017 were reviewed. Retrieved data consisted in qualitative (patient's gender, composition, echogenicity, shape, margins and echogenic foci of the nodule) and quantitative (patient's age and maximal diameter of the nodule) variables as well as the Bethesda score. Results: Patients were 48.5 ± 13.7 years old with female to male ratio of 8:2. The nodules had median size of 2.3 (1.5-3.5) cm with a majority of solid (62.5 %) and isoechoic (50.8 %) features. 700 nodules (88.5 %) had a wider-than-tall shape, 600 (75.9 %) smooth margins and 113 (14.3 %) ill-defined ones. Echogenic foci were absent in 388 nodules (49.1 %) and, when present, largely dominated by punctate foci (32.5 %). Bethesda classes 3, 4 and 5, which require surgery, represented only 10.6 % of cases. They were significantly correlated with the taller-than-wide shape and with solid or predominantly solid features. There was no significant correlation between echostructure and Bethesda scores but we did find more nodules classified Bethesda 4 and 5 in the categories hypoechoic and severely hypoechoic. In the CART model we developed, the sequence leading to most nodules classified Bethesda 4 and 5 is: taller-than-wide shape, solid composition and hypoechoic or severely hypoechoic feature. Conclusions: Taller-than-wide, solid or predominantly solid, hypoechoic or severely hypoechoic nodules are likely to require surgery and might benefit from FNAC.
Introduction
Thyroid ultrasound is nowadays an essential tool for the management of thyroid nodules because of its high sensitivity and specificity, as well as its wide availability. The use of ultrasound in thyroid disease dates back to the late 1960s, with the apparition of B mode scanning and low-resolution images [1] . Currently, thyroid ultrasound is performed using high frequency linear probes, allowing high-resolution imaging and accurate guidance of fine needle aspiration cytology (FNAC) when needed. In parallel, machine-based data mining is allowing more and more decision trees extraction and clinical algorithms to be established. In this study, we statistically analyze different sonographic characteristics of nodules and develop the most complete Classification and Regression Tree (CART) model yet in order to recognize the most suspicious features and efficiently guide nodules management.
Materials and methods

Patient's selection
Institutional Review Board approved this retrospective study, performed in a single center, and informed consent was waived. Our patients are all those referred for ultrasound guided FNAC of thyroid nodules found on clinical examination or on a previous ultrasound. A new comprehensive ultrasound is always performed and nodules are selected as FNAC targets on the basis of consensus recommendations [2] . The selected route is the one that goes directly to the nodule, https://doi.org/10.1016/j.ejro.2019.11.003 Received 1 September 2019; Received in revised form 8 November 2019; Accepted 18 November 2019 preferably through a trans-isthmic path while avoiding vascular structures. The patient is informed of the FNAC technique, its potential complications and his consent is obtained according to our institution policy. Thyroid ultrasound examination and FNAC were performed by a specialized radiologist with more than 15 years of experience.
FNAC procedure
The patient is placed on the examination table, with a slight hyperextension of the head. Ultrasound examination is performed using one of two machines upon availability. The first is an ACUSON Antares (Siemens Healthcare, Erlangen, Germany) ultrasound machine and the second a LOGIQ E9 (GE Healthcare, Little Chalfont, United Kingdom). In both cases, a high frequency linear array probe with high resolution is used (VFX13-5 and ML6-15 respectively). First, we systematically take the dimensions of the two thyroid lobes (length, width and thickness) and the maximum thickness of the isthmus. Then, all identified anomalies such as abnormal echo structure, nodules and calcifications are reported. For each nodule, we note its sonographic characteristics listed in 6 categories according to the lexicon published by Grant et al. [3] : composition, echogenicity, shape, size, margins and echogenic foci. The study is concluded with the analysis of cervical lymph nodes areas in search of suspicious lymph nodes. FNAC is performed under ultrasound guidance, using the "in-plane" technique that permits to see and control the progression of the needle and the precise location of the sampling area in real-time ( Fig. 1 ). After cleaning the skin with alcohol solution and without the use of local anesthesia, the patient is instructed to swallow two or three times before inserting the needle. A simple 22 G needle is used without a syringe, keeping the Luer extremity in the open air. When the target is penetrated, the Luer is caught between the thumb and index finger and small movements back and forth are performed within the nodule, which, capillarity helping, allow the needle to fill with cytological material. Two to three passages through each nodule are made based on the collected material, which is immediately spread over several glass slides, half of which will be placed in absolute alcohol for Papanicolaou staining and the others left to dry for Diff-Quick staining technique. A small bandage is applied to the puncture entry points and instructions are given to the patient for possible pain or the apparition of a hematoma.
Studied variables
791 thyroid FNAC were performed under ultrasound guidance between January 2015 and January 2017. For each case, the ultrasound images were retrospectively reviewed and various patient and nodules data were selected for analysis (Table 1) . Qualitative variables are patient gender, composition, echogenicity, shape, margins and echogenic foci of the nodule. Quantitative variables are patient's age and maximal diameter of the nodule. Also, the Bethesda System of Classification was used in the pathology reports and the Bethesda score of each nodule was obtained ( Fig. 2 ).
Statistical analysis
Departure from normality was assessed based on Quartile-Quartile plots along with Kolmogorov-Smirnov and Shapiro-Wilk tests. Continuous variables not departing from normality assumptions were expressed as mean ± standard deviation. Variables that departed significantly from normality (e.g. nodule size) were expressed as median with its interquartile range. In this latter case, a Box-Cox power transformation was applied, to optimize subsequent use of these variables in the multivariate analysis. In univariate analysis, the Mann-Whitney test, the Kruskall-Wallis test, the Jonckheere-Tespstra test, and Chi square tests were used for ordinal and categorical variables. ANOVA with linear contrasts was used to compare continuous variables (or their Box-Cox transform) among Bethesda classes. 95 % confidence intervals were derived by bootstrapping, based on 1000 samples. Before proceeding to multivariable analysis, the variables were classified by decreased order of their predictive potential: shape, echogenicity, margins, composition, size, and age. The independent variables were then optimized: No change was made for the variable 'shape', with a high predictive power. Variable 'echogenicity' was recoded into two classes, the first one including hyperechoic and isoechoic nodules and the second one hypoechoic and severely hypoechoic nodules. Variable 'margins' was recoded into 3 classes. In the first one we kept the smooth margins. In the second one we included both the irregular and lobulated margins, and in the third one we put the remainder: ill-defined, halo and extra-thyroidal extension. Variable 'composition' was also recoded into 3 classes: solid, predominantly solid, and the remaining 
Results
Descriptive part
Between January 2015 and January 2017, 791 patients with a mean age of 48.5 ± 13.7 years had undergone FNAC of thyroid nodules, which were sent for cytological analysis. The nodules had median size of 2.3 (1.5-3.5) cm. The Box-Cox transformation for 'age' yielded lambda = 0.2, with the transform of size − size 5( 1 ) 5 having a normal distribution. In total, there were 635 women (80.3 %) and 156 men (19.7 %). The largely predominant type of nodule composition was the solid one (62.5 %), followed by isoechoic nodules (50.8 %), and hypoechoic ones (32.1 %). There was a clear majority of wider-than-tall nodules, 700 cases (88.5 %). Analysis of the margins showed that 600 nodules (75.9 %) had smooth margins and 113 nodules (14.3 %) had illdefined ones. Halo sign and extra-thyroid extension were rarely found (respectively 0.6 and 0.1 %). Echogenic foci were absent in 388 nodules , size denoting the nodule size. 
Analytical part
In univariate analysis, Bethesda classes distribution was not influenced by gender (Mann-Whitney p value = 0.518, Table 2 ). However, Bethesda classes distribution was statistically different when considering nodule composition (Kruskall-Wallis p value < 0.001), with transition for upper Bethesda classes being associated with the solid component (Jonckheere-Terpstra p value < 0.001). Bethesda classes distribution was not statistically associated with echogenicity (Kruskall-Wallis p value = 0.431, Jonckheere-Terpstra p value = 0.356). There is however a significant difference of Bethesda classes distribution in relation to nodules shape (Mann-Whitney p value < 0.001) and it appears clearly that Bethesda class is higher in the taller-than-wide group. When nodules margins are considered, Bethesda classes distribution is not the same (Kruskall-Wallis test p value < 0.001), without being necessarily an ordinal relationship (Jonckheere-Terpstra p value = 0.053). The decomposition of Kruskall-Wallis test into homogeneous subtypes shows in fact two different profiles of margins: halo, irregular and lobulated margins represent a separate group with relatively high Bethesda score, whereas other types of margins have low Bethesda score. There was no statistically significant relation between Bethesda classes and echogenic foci types (Kruskall-Wallis p value = 0.953). Age distribution was significantly different among Bethesda classes as shown by ANOVA (Table 3 ) with a pre-specified linear contrast (p = 0.003), suggesting a negative linear decrease of mean age with the increase of Bethesda class. Likewise, the Box-Cox transform of nodule size was different among the different Bethesda classes, as shown by ANOVA with a pre-specified linear contrast ( Table 3 , p < 0.001). Using CART (Classification and Regression Trees) methodology as defined in the statistical analysis section, a decision tree with 13 nodes and 7 terminal nodes was derived as depicted in the detailed decision tree shown in Fig. 3 . Node 0 represents the initial distribution of the nodules according to Bethesda classification before any sonographic criteria had been applied. It replicates exactly the elements in Table 1 for Bethesda classes. Nodes 1 and 2 reflect the effect of introducing 'shape' as a first decision criterion. The category 'Height > Width' relocates most of the Bethesda 3, 4, 5 to node 2 with increased frequencies compared to node 0 (6.6 %, 14.3 %, and 12.1 % respectively). Node 1 contains less Bethesda 4 and 5 classes than nodes 0 and 2. The residual Bethesda classes in node 1 will be subjected to the second criterion for further segregation. The second criterion for the decision process is the composition of the nodule: When the nodule is wider-than-tall (Width > Height, node 1), its composition being predominantly cystic, cystic or spongiform ensures no Bethesda 4 and 5 classes are remaining, and a marginal 0.8 % frequency of Bethesda 3 class (node 4). The Bethesda 3, 4 and 5 classes inherited from node 1 are being relocated in node 3 by the solid and predominantly solid composition criterion. When the nodule is taller-than-wide (Height > Width, node 2), its composition being solid relocates all Bethesda 3, 4 and 5 classes but 2 cases in node 5, and drastically increases their likelihood: 8.1 %, 19.4 %, and 17.7 % respectively. Node 6 corresponds to a composition other than solid and contains 2 cases (Bethesda 3 and 4) . The third level for the decision tree helps refining further the classification. For the nodules that are widerthan-tall (Width > Height) and depending on their composition (nodes 3 and 4), there remains a minimal risk of Bethesda 3, 4 and 5 in node 3. Applying the 'age ≤ 48 years' criterion will relocate Bethesda 3, 4 and 5 classes in node 7, thus leaving null or quasi-null frequencies for nodes 8, 9 and 10. For the nodules that are taller-than-wide (Height > Width) and depending on their composition (nodes 5 and 6), there is a dismal risk of Bethesda 3, 4 and 5 in node 6 with no further break down, node 6 being terminal. For node 5 that contains much of the Bethesda 3, 4 and 5 classes, applying 'echogenicity' as a 3rd criterion will increase further the likelihood of these classes in the presence of hypoechoic and severely hypoechoic nodules (5 %, 27.5 %, and 22.5 % respectively in node 12), thus leaving lower frequencies for Bethesda 3, 4 and 5 classes in node 11 than in node 5. The gains for nodes 11 and 12 were maximal (9.9 % and 4.0 % respectively) as shown in Table 4 . The overall error rate of this decision tree, assessed by two methods, is around 30 %. For a given nodule, before applying any criterion, the probability of being Bethesda class 5 is 2.3 %. If the nodule is taller-than-wide, with solid composition and hypoechoic to severely hypoechoic, the probability of being Bethesda class 5 is increased to 27.5 % according to this CART analysis.
Discussion
Having a majority of benign (Bethesda 1) and inconclusive/nondiagnostic (Bethesda 0) in our study is largely found in many published series, and it is widely admitted that thyroid nodules with a higher Bethesda cytological score of 3, 4 or 5 present a malignancy risk of 15-99% and require a surgical intervention, whether a lobectomy or a total thyroidectomy. Our aim is to perform FNAC on all of these nodules and spare the others. In the statistical analysis of our series, the use of variables shape, composition, age and echogenicity according to a logical decision tree is able to depict the large majority of these cytologically suspicious nodules. The taller-than-wide shape (Height > Width) is usually evident on visual inspection in the axial plane images and there is no need to measure the height and width of the nodule in order to demonstrate it. In a large study of 831 patients, Moon and al [4] have shown that taller-than-wide nodule was a sonographic sign in favor of malignancy. They have later confirmed it in a consensus revue published in 2011 on the management of nodules [5] . Other authors also consider the taller-than-wide shape as being a malignant sign [6] . In our study, 11.5 % of the nodules had a taller-thanwide shape, and the application of this criterion attracts most of the Bethesda 3, 4 and 5 nodules with the best statistical improvement. In 2011, Moon and al [7] published a study on 471 thyroid nodules. Three criteria regarding the shape were formulated as follows: criterion 1, a taller-than-wide shape in any plane as a suspicious feature; criterion 2, the same in the transverse plane only; criterion 3, the same in the longitudinal plane only. They concluded that a taller-than-wide shape was a useful sonographic feature for predicting thyroid malignancy. In particular, a taller-than-wide shape in either transverse or longitudinal plane was most accurate and sensitive for predicting thyroid malignancy among the three criteria. This feature's sensitivity varies between 40 and 68 %, specificity between 82 and 93 %, positive predictive value ranges between 58 and 73 %, and negative predictive value between 77 % and 88 % [3, [8] [9] [10] [11] [12] . This is compatible with our results where Bethesda classes are statistically higher in the taller-than-wide group. The second most important variable found in our study was nodule composition. The largely prevailing type in our series is the solid nodule, which represents 62.5 % of the cases, followed by the predominantly solid type that represents 19.8 % of the cases. This is not unlikely, since the solid or predominantly solid composition of a nodule is a main indication for FNAC. Many studies have reported a large majority of solid nodules in their series as well, like Naoun [13] with 58.2 % of the cases, Solbiati [14] with 63 % and Leenhard [15] with 61.9 %. When this variable is applied in the decision process, after the variable 'shape', we find that almost all the Bethesda 3, 4 or 5 are solid or predominantly solid if they are wider-than-tall. Also, almost all of these are solid if they are taller-than-wide. Our analysis has also demonstrated that the Bethesda score tends to increase when the nodule's composition goes from spongiform to solid. In other words, the Bethesda categories 3, 4 or 5 are more represented within the solid and predominantly solid nodules types. The category Bethesda 5 is exclusively composed of solid nodules. We therefore agree with Bonavita et al. [16] about the correlation between solid nodules and malignancy. In addition to that, they have isolated four sonographic aspects correlated with 100 % benign lesions: spongiform configuration, colloid cyst, diffuse hyperechogenicity (as in goiter) and a 'giraffe' aspect of the thyroid parenchyma (as in chronic thyroiditis). When no real problem is found in identifying solid and predominantly solid, as well as cystic nodules on sonography, it is important to recognize the spongiform nodule as is and also the mixed nodule with a suspicious solid component. The solid component of a mixed nodule has to be evaluated. If it is peripherally located, has an acute angle with the wall of the nodule, is hypoechoic, lobulated, has an irregular border or punctuate echogenic foci line, the risk of malignancy is increased [3, 17] . In the case of taller-than-wide and solid nodules, a significant majority of Bethesda 3, 4 or 5 lesions can be isolated using echogenicity, hypoechoic or severely hypoechoic nodules being the most suspicious. Further statistical evaluation showed us that applying age with a cutoff of 48 years old could isolate the remaining suspicious nodules in the wider-than-tall and solid or predominantly solid sub-group. Patients aged 48 or less are more prone to have Bethesda 3, 4 or 5 nodules. This is interesting, since young age is not known to represent a significant variable of malignant risk and is not included in workup recommendations. However, Bessey et al. [18] in 2013 have tried to determine the influence of age and gender on the rate of thyroid nodule malignancy diagnosed by FNAC. They concluded that the risk of thyroid nodule malignancy on FNAC varies depending on patient's age and gender. Specifically, the rates of thyroid cancer diagnosed by FNAC were higher in patients younger than 45 years. The highest incidences of malignancy were between ages 30 and 39 in women and ages 40 and 49 in men. They nonetheless pointed out that most of the studies that correlated risk of malignancy and age usually only examine patients that underwent surgical excision, which creates an inherent bias, especially in regards to the risk of malignancy. On the other hand, our study shows that size of the nodule is not significantly the same among the different Bethesda categories, and furthermore, that there is a negative linear relation between nodule size and Bethesda score. In other words, the smaller the nodule size, the lower the Bethesda score and the lower the risk of malignancy. In the literature, the data correlating nodule size and malignancy are variable. For some authors, a size superior to 4 cm increases the risk of malignancy [19, 20] . Other series, such as Nguyen's et al. [21] have demonstrated that the size of the nodule affects rather the survival rate than malignancy. Indeed, for tumors measuring between less than 5 mm and 39 mm, the 10 years survival rate varied from 99.4-99.9 %. This rate was only 96.6 % for the tumors measuring 39-40 mm, and it dropped to 84 % for tumors measuring 40 mm or more. When considering margins of the nodules, we found that 75.9 % of the nodules in our series had regular ones, which is a well-known benign sign. Having a peripheral halo is also considered to be in favor of a benign nodule; this sign was found in only 5 nodules in our series (0.6 % of the cases). There was no ordinal relation between the type of margins and the Bethesda score. Nonetheless, nodules with halo, lobulated margins or irregular margins are associated with higher Bethesda score compared to other types of margins. We thus agree with authors [4, 8, 16, 22] associating lobulated or irregular margins with malignancy. Nevertheless, Moon and al [4] have in 2008 hypothesized that a spiculated margin is suggestive of malignancy, while an ill-defined margin can be seen in both benign and malignant nodules, even if previous studies have suggested that blurred or ill-defined margins favor a diagnosis of malignancy. According to them, with the development of sonographic techniques, a previously described ill-defined margin could actually be a spiculated margin with sharp demarcation or a poorly defined margin in which the tumor cannot be discriminated from the normal parenchyma. We feel that the assessment of nodule margins on ultrasound is difficult and might be unreliable. In fact, Pang et al. showed in a recent study, a high inter-observer discrepancy when assessing nodule margins on ultrasound [23] . No correlation was found in our study between echogenic foci and Bethesda score. This appears strange because the presence of microcalcifications is presented in the literature as predictive of malignancy [4, 10] and we found echogenic foci in 50.9 % of the nodules, and among those, 32.5 % were microcalcifications. The discrepancy between our series and the published data can pertain to the difficulty of identifying microcalcifications in thyroid sonography, as well as the other echogenic foci. Microcalcifications are defined as hyperechoic punctuations, round or linear, measuring less than 1 mm in diameter, without acoustic shadowing, whereas macrocalcifications measure more than 3 mm and often have a strong acoustic shadow. The "comet tail" artifacts are echogenic foci with V-shaped posterior echoes. They are associated with colloid granulations and are strongly indicative of benignity. Malhi and al [12] have in their study found no statistical difference in the prevalence of malignant lesions between nodules with and those without echogenic foci. They also highlight that very few authors have precisely defined echogenic foci before studying the association between these foci and malignant nodules. Most of them on the contrary, have considered echogenic foci as a group of features, largely considered as microcalcifications, probably as we did in our study. Regarding the use of a CART model in the management of thyroid nodules, there is only one available study in which clinical as well as sonographic features were used but the latter are not as detailed as in our study. It lacks for example the most significant feature we found in our study, which is the taller-than-wide shape [24] .
Conclusions
High-resolution thyroid ultrasound is nowadays the preferred tool for detection, analysis and management of thyroid nodules. The objective of this study was to find a statistical value of sonographic features in predicting malignancy. We also have modelized a Classification And Regression Tree (CART) based on those features in order to predict the Bethesda scores 3, 4 and 5. We noted first that there is a significant correlation between the shape taller-than-wide and Bethesda scores 3, 4 and 5. We noted second that there is a significant correlation between solid or predominantly solid nodules and Bethesda scores 3, 4 and 5. Third, there is no significant correlation between echostructure and Bethesda scores but we did find more nodules classified Bethesda 4 and 5 in the categories hypoechoic and severely hypoechoic. And last, there is a negative linear relation between the nodule's size and Bethesda score. In the CART model we developed, the sequence leading to most nodules classified Bethesda 4 and 5 is: taller-than-wide shape, solid composition and hypoechoic or severely hypoechoic nodule. In case of wider-than-tall shape and solid or predominantly solid nodule, age of 48 years old and less holds more risk of having a high Bethesda score. No other study had shown in a CART model the importance of a major feature, which is the taller-than-wide sign in the assessment of thyroid nodules. Our study is however biased since our patients were not randomized but selected by their referring physician to undergo FNAC and we are unable to know what do they represent among general population. On the other hand, we believe that more studies involving the taller-than-wide feature could enhance ultrasound specificity in thyroid cancer.
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